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for this trafficking [Heistad et al., 1981; Moulton et al., 2003; Galkina et al., 2006; Ritman and Lerman, 2007; Drinane et al., 2009] . The adventitia signals to the media and plays important roles in the control of lumen size by shortterm regulation of medial smooth muscle contraction and by long-term control of inward and outward wall remodeling processes [Gutterman, 1999; Smith et al., 1999; Rey and Pagano, 2002; Haurani and Pagano, 2007; Korshunov et al., 2007; Tang et al., 2008] . Upon this background, rapidly accumulating evidence that the adventitia contains resident vascular progenitor cells and that it may also possess stem/progenitor cell niche-like activity to maintain these resident progenitors is particularly interesting [Hu et al., 2004; Zengin et al., 2006; Pasquinelli et al., 2007; Hoshino et al., 2008; Passman et al., 2008; Campagnolo et al., 2010] . The new picture that is emerging of the adventitia is one of a dynamic environment of interacting cell types with unexpected roles in the control of vascular wall growth, remodeling, and disease.
The Adventitia Contains Resident Progenitor Cells
Hu et al. [2004] reported that adult ApoE -/-mice maintained clusters of stem cell antigen-1 (Sca1, also called Ly6A/E )-positive cells in the aortic root adventitia that differentiated to a smooth muscle cell (SMC)-like cell type when removed from the adventitia and exposed to PDGF-BB in vitro. Howson et al. [2005] reported the isolation of pericyte progenitor cells from rat aorta that formed neurosphere-like colonies in stem cell media when maintained in suspension culture. Zengin et al. [2006] reported that a 'vasculogenic zone' could be identified in adult human arteries that contained CD34 + progenitor cells with the ability to form vascular structures in arterial ring explant cultures in vitro as well as promote the formation of microvessels in a transplantable tumor model in vivo. This 'vasculogenic zone' was localized to a region between the media and the adventitia in human blood vessels that was highly reminiscent of the position in which Sca1 + progenitor cells were found in the aortic root of wild type and ApoE -/-mice [Hu et al., 2004] . Pasquinelli et al. [2007] reported finding two distinct progenitor cell populations located between the media and the adventitia in human thoracic aortas and femoral arteries. One population was comprised of CD34 + cells and the other contained c-kit + cells. When isolated and placed in cell culture in the presence of vascular endothelial growth factor (VEGF), some of these adventitial progenitor cells acquired an endothelial cell-like phenotype and formed capillary-like vascular structures in vitro [Pasquinelli et al., 2007] . Passman et al. [2008] were found clustered in a zone of sonic hedgehog (Shh) signaling in the adventitial layer of the artery wall. Using both patched-1 lacZ ( Ptc1 lacZ/+ ) and Ptc2 lacZ/+ reporter mice, the zone of Shh signaling was found to be almost entirely restricted to the adventitial layer [Passman et al., 2008] . Shh protein itself was concentrated in the adventitia close to the border between the media and adventitia. At E18.5, Shh -/-embryos had greatly diminished numbers of adventitial Sca1 + progenitor cells (referred to as AdvSca1 cells) in the aortic root [Passman et al., 2008] . Exposure of isolated AdvSca1 cells in vitro to Shh or the Hh signaling antagonist cyclopamine provided evidence that Hh signaling mediates mitogenic and survival responses in these progenitor cells [Passman et al., 2008; Regan, 2010] . Mouse aortic AdvSca1 cells appear to be a diverse population of progenitor cells with heterogeneous potentials for cell differentiation. For example, when freshly isolated from adult mouse thoracic aorta and placed into serum-containing culture medium ex vivo, roughly 50% of the isolated AdvSca1 cells differentiated into SMCs and about 25% proliferated and maintained Sca1 expression and progenitor cell properties (i.e. selfrenewal), while the remaining 25% lost expression of Sca1 but did not acquire detectable levels of SMC or endothelial cell marker expression [Passman et al., 2008; Majesky et al., 2011] . These phenotypes resemble the intrinsic heterogeneity that has been described for the satellite stem/ progenitor cell populations in skeletal muscle [Le Grand et al., 2009; Biressi and Rando, 2010] . When stimulated with bone morphogenic protein-2 (BMP2) a small percentage ( ϳ 0.1-0.5%) of AdvSca1 cells became osteogenic while stimulation with insulin, isobutylmethylxanthine, and dexamethasone [Spiegelman and Green, 1980] produced a similarly small percentage of adipocytes [Passman et al., 2008] . Likewise, Campagnolo et al. [2010] isolated a population of CD34 + /CD31
-cells from the adventitia and perivascular zone of human saphenous veins from patients undergoing coronary artery bypass surgery [Campagnolo et al., 2010] . These CD34 + progenitor cells could be cloned in vitro and possessed multilineage potential to form osteoblasts, adipocytes, pericytes, and SMCs under selective differentiation-promoting conditions in culture. When transplanted into ischemic hind limbs of immunodeficient mice, human saphenous veinderived progenitor cells adopted a pericyte-like phenotype, formed N-cadherin-mediated cell-cell contacts with endothelial cells, stimulated angiogenesis, and improved + progenitor cells (red), adventitial fibroblasts (green), and T cells (purple). Also present in variable numbers are perivascular nerves and associated glial cells, microvessels of the vasa vasorum network, and adipocytes (see also fig. 2 ). Fig. 2 . The adventitia as a progenitor cell niche in the artery wall. a The left common carotid artery from a postnatal day 9 mouse was fixed and immunostained for Sca1 expression and examined by confocal microscopy. Shown is a reconstructed low power image of stacked Z-plane confocal images of adventitial Sca1 + progenitor cells. Inset A high power view of the characteristic cluster arrangement of Sca1 + progenitor cells in the mouse carotid artery adventitia. b Schematic representation of a proposed progenitor cell niche in the arterial adventitia. We propose that this niche environment contains soluble factors (orange spheres) including Shh [Passman et al., 2008] and other secreted factors not yet described, and ECM proteins (thin brown, grey and white lines) including various collagens, proteoglycans, and hyaluronic acid. Adventitial progenitor cells will possess matrix adhesion receptors (Y) and cell surface receptors for soluble factors (U) that together signal maintenance of a progenitor phenotype, promote survival of progenitor cells, and prevent their premature differentiation. Upon injury to the artery wall, an influx of inflammatory cells into the adventitia likely directs downregulation of niche signaling leading to differentiation of progenitor cells to form SMCs, pericytes, and possibly other vascular cell types. 1 blood flow recovery in this model [Campagnolo et al., 2010] . Finally, Zorzi et al. [2010] demonstrated that rat thoracic aorta contains adventitial macrophage-like cells that can stimulate angiogenesis in an aortic ring assay. A subset of these cells acquired an endothelial cell phenotype when cultured in the presence of VEGF and formed capillary-like vascular structures in a matrigel angiogenesis assay in vitro. In summary, these findings suggest that the adventitia maintains multiple types of progenitor cells that appear to act in concert as part of a coordinated healing response to vascular injury.
The Adventitia Provides a Niche-Like Signaling Environment in the Vessel Wall
Studies of stem and progenitor cells in different tissues from various organisms reveal that the survival and function of these cells is largely governed by neighboring cells [Schofield, 1978; Kimble and White, 1981; Spradling, 2001; Scadden, 2006; Jones and Wagers, 2008; Kuang et al., 2008; Hsu et al., 2011] . The neighboring cells and their soluble and ECM products form a cooperative signaling environment that is called a stem/progenitor cell niche [reviewed in Watt and Hogan, 2000; Moore and Lemischka, 2006; Scadden, 2006; Gopinath and Rando, 2008; Jones and Wagers, 2008] . The number of progenitor cells, their proliferative activity, and their low frequency of spontaneous differentiation are determined to a great extent by signaling from neighboring niche cells [Jones and Wagers, 2008] . Examples of a niche environment in mammals include satellite cells within a myofiber in skeletal muscle [Mauro, 1961; Conboy and Rando, 2002; Gopinath and Rando, 2008; Kuang et al., 2008] , neural progenitors in a perivascular niche in the subventricular zone (SVZ) of the central nervous system [Shen et al., 2008; Tavazoie et al., 2008] , mesenchymal stem cells in various stromal niches including bone matrix [Chen et al., 2007; Crisan et al., 2008] , and epidermal stem cells in a hair follicle niche in the skin [Hsu et al., 2011] .
The stem cell niche hypothesis was proposed by Schofield [1978] , who studied the properties of hematopoietic stem cells (HSCs) in vivo and concluded that: (a) they occupy a defined anatomical location, (b) their self-renewal activity is controlled by adjacent non-HSCs, and (3) displacement of HSCs from neighboring non-HSC cells leads to stem cell differentiation. Assuming these are minimal criteria for what constitutes a stem/progenitor cell niche, the region of adventitia close to the media seems to fulfill the definition of such a niche environment. The inner adventitia has a defined location bordering the external elastic lamina (EEL) that marks the boundary with the outer media. Shh signaling in the adventitia appears to regulate adventitial progenitor cell proliferation, self-renewal, and survival, at least in adventitia surrounding the aortic root and thoracic aorta [Passman et al., 2008; Regan, 2010] . Finally, when removed from the putative aortic adventitial niche by collagenase and elastase digestion and placed in cell culture, about 50% of adventitial progenitor cells spontaneously lose expression of Sca1 and differentiate into SMC-like cells in vitro [Hu et al., 2004; Passman et al., 2008; Majesky et al., 2011] . Differentiation of adventitial progenitor cells into SMCs occurred with similar kinetics even when growth was arrested in the presence or absence of aphidicolin or hydroxyurea (cell cycle inhibitors), suggesting that progenitor cells can directly differentiate into SMCs and that this differentiation does not require cell proliferation [Passman et al., 2008] .
In addition to Shh signaling it can be anticipated, based on studies in model organisms including worms, flies, and fish, that other soluble factors will eventually be found to play important roles in the adventitial niche. High on the list of candidates would be Wnt signaling given the roles that have been proposed for this pathway in stem/progenitor cell niches within the intestinal crypt [Pinto et al., 2003; Barker et al., 2007] , skin [Gat et al., 1998; Jamora et al., 2003] , and hippocampus subgranular zone [Palmer et al., 2000; Lie et al., 2005] . Similar arguments can be made for notch signaling [Conboy and Rando, 2002; Song et al., 2007; Aguirre et al., 2010] and BMP signaling pathways [Kobielak, 2003; Dudley, 2010] . Other studies have shown that specific types of contacts with the ECM provide adhesion, structural organization, and biomechanical inputs that are likely to be important in niche-progenitor cell interactions [Badylak, 2007; Discher et al., 2009; Guilak et al., 2009; Hynes, 2009] . For example, the ECM of the SVZ niche in the mouse brain binds and concentrates the neurogenic factor FGF2 [Kerever et al., 2007] . The neural progenitor cells within the SVZ niche also make cell-to-cell contacts with vascular endothelial cells and astrocytes [Kokovay et al., 2010] . Hair follicle stem cells in close proximity to sensory nerves receive an Shh signal from the nerves that is important for maintenance of a multipotential cell population capable of becoming epidermal stem cells [Brownell et al., 2011] . Thus, cell-cell interactions within niche environments are critical for maintaining progenitor cells capable of contributing to tissue homeostasis and repair.
The adventitia of large elastic arteries is a mechanically active environment. The primary physiological function of these vessels is to absorb ventricular pulse pressures and dampen the propagation of the pulse pressure gradient [Wagenseil and Mecham, 2009] . This is accomplished by expansion of the elastic fiber-containing artery wall and its relaxation again with each heartbeat. The largest changes in wall diameter will occur in the outer layers, e.g. the adventitia. Adventitial progenitor cells will therefore find themselves in a tissue environment that expands outward and relaxes inward with each cardiac cycle. It is becoming well established that stem and progenitor cells respond to biomechanical forces that influence their survival, proliferation, and differentiation [Discher et al., 2009; Guilak et al., 2009; Castillo and Jacobs, 2010; Fu et al., 2010] . It can be anticipated, therefore, that adventitial progenitor cells will be responsive to a mechanically active environment through matrix receptor-mediated signaling [Hahn and Schwartz, 2009; Hynes, 2009; Shattil et al., 2010] . Moreover, this mechanical activity will likely be found to influence adventitial progenitor cell survival, proliferation, and differentiation in conjunction with soluble factors and cell-cell interactions found in the adventitial niche environment.
The stereotypical organization of endothelial cells and SMCs in a radial pattern in blood vessel walls suggests that these cells possess a planar orientation in vivo. If so, progenitor cells in the adventitia may also have an intrinsic cell polarity that is reflected in their flattened appearance and clustered organization in the artery wall ( fig. 2 ). This would have important implications for the adventitial niche since intrinsic polarity in the progenitor cells suggests that asymmetric cell division might be an important mechanism for generation of more differentiated progeny in the adventitia [Williams et al., 2011] . Whether or not this is the case for adventitial progenitor cells will be important to examine in developing and injured arteries in future studies.
Development of the Adventitia
What is the embryonic origin of adventitial progenitor cells and when do they first appear in developing vessel wall? Evidence to date suggests that Sca1 + progenitor cells in the mouse first appear in the aortic root region around E16.5 [Passman et al., 2008] . This is around the same time that the final layer of smooth muscle and elastic fibers in the tunica media of large elastic arteries is formed and development of the tunica adventitia is thought to begin [Kelleher et al., 2004; Wagenseil et al., 2010] . The origin of progenitor cells found in the adventitia is not known. Hu et al. [2004] showed that adventitial progenitors expressing the Sca1 marker in adult ApoE-deficient mice do not arise from bone marrow, and Passman et al. [2008] showed that in aortic segments composed of neural crest-derived SMCs the adjacent Sca1-expressing progenitor cells in the adventitia were not derived from the neural crest. Wasteson et al. [2008] traced the origin of descending aorta SMCs to progenitors in the somite. In those studies the aortic SMCs could clearly be identified as having a somite origin, while few if any cells in the adventitia were labeled by the somite lineage markers used [Wasteson et al., 2008] . Thus the developmental origins of AdvSca1 cells differ from those of their neighboring SMCs [Majesky, 2007; Passman et al., 2008] and are as yet unknown.
In principle, the adventitial niche environment could either be formed before progenitor cells occupy the niche or, alternatively, be produced at the same time that progenitor cells appear in the adventitia. In the first case, progenitor cells would find and occupy an existing signaling environment implying they had no direct role in producing the niche. In the second case, the progenitor cells themselves may actively participate in constructing a niche environment that they will reside in. The early evidence favors the former possibility as Shh signaling in the mouse aortic root adventitia is detectable with Ptc lacZ/+ reporter mice at least 1 day before Sca1-expressing progenitor cells are detected there [Passman et al., 2008] . It also remains possible that adventitial progenitors move from a previous niche into the arterial adventitia during late stages of vascular development. If true, they would resemble HSCs that move from the yolk sac to the periaortic zone to fetal liver and then to bone marrow as development proceeds. Since adventitial progenitors can be recovered from the adventitia of adult mouse and human arteries [Hu et al., 2004; Zengin et al., 2006; Pasquinelli et al., 2007; Passman et al., 2008; Campagnolo et al., 2010] , their residence time in the adventitial niche environment may be quite long. Much additional work is required to characterize the origins and regulation of both the adventitial progenitor cells and the proposed adventitial niche-signaling environment.
The Adventitia in Arterial Wound Repair
Like most tissues, blood vessels activate intrinsic mechanisms for tissue repair when injured or diseased. This capacity for repair of the artery wall is substantial. For example, when subjected to balloon dilation injury replication rates in all layers of rat carotid or porcine cor-onary artery wall can increase over 100-fold Reidy et al., 1983; Scott et al., 1996] . In commonly used animal models of arterial wound repair where preexisting intimal cells that are characteristically found in human arteries [Schwartz et al., 1995] are not present, migration of medial SMCs to the intima is thought to be essential for neointimal formation. This conventional view has been challenged by evidence suggesting that adventitial cells can respond to arterial injury, migrate into the injured wall, and contribute to neointimal formation [Sartore et al., 2001] . For example, Scott et al. [1996] employed single injections of 5-bromo-2-deoxyuridine (BrdU) between days 2 and 3 after balloon catheter injury to porcine coronary arteries [Scott et al., 1996] . One day later, most of the labeled cells were found in the adventitia. When examined at 14 days after injury, the presence of significant numbers of BrdU-positive cells in the neointima suggested that cells in the adventitia could migrate within the injured artery wall and reach the neointima in this model [Scott et al., 1996] . Similarly, Holifield et al. [1996] used controlled enzyme digestion from the adventitial side of uninjured canine carotid arteries and isolated cells that did not express smooth muscle marker proteins. They referred to these nonmuscle cells as 'type 2' cells in contrast to the controlled digestion from the luminal side that produced smooth muscle marker-positive cells [Holifield et al., 1996] . Type 2 cells proliferated when placed in serumcontaining culture medium and expressed SM ␣ -actin but not SM-MHC. By contrast, vascular SMCs from adult carotid media did not spread or proliferate in vitro but remained viable and expressed SMC marker proteins including SM-MHC at undiminished levels. Of particular interest was the finding that the neointima produced by balloon injury was composed of cells that were morphologically and immunologically identical to type 2 cells [Holifield et al., 1996] . Transplantation of adventitial cells that were labeled in various ways to the adventitial side of an artery in rodents and then monitoring the movement of these cells within the vessel wall following arterial injury has also provided evidence that adventitial cells can move into the media and that some can continue migration and reach the intima [Mason et al., 1999; Li et al., 2000; Hu et al., 2004] .
It is intriguing to consider that at least part of the migrating population of adventitia-derived cells originates within the progenitor cell pools in the adventitia. For example, when obtained from genetically marked donor mice expressing ␤ -galactosidase from the Rosa locus ( Rosa26) and transferred to the outside of an experimental vein graft placed into the arterial circulation, adventitial Sca1 + cells were found in the media of the vein graft at 2 weeks and in the graft neointima at 4 weeks after surgery [Hu et al., 2004] . These findings are consistent with the migration of progenitor cells from the adventitia through the wall of the vein graft and into the neointima where they differentiated to SMCs. By contrast, if Sca1-negative adventitial cells (mostly fibroblasts) were grafted instead of Sca1 + cells, and then a great majority of Sca1-negative cells remained in the graft adventitia after 4 weeks and were only rarely found in the neointima. Therefore, adventitial Sca1 + cells with a potential to form SMC-like cells can migrate from the adventitia to the vein graft neointima and promote intimal lesion growth [Hu et al., 2004; Torsney and Xu, 2011] .
Dysregulation of the Adventitial Niche: Aging and Arterial Disease
Recent studies suggest that loss of function of nichedependent signaling may be an important contributing factor or even a proximal cause of various pathologies associated with aging including alopecia, kyphosis, osteoporosis, hair graying, fibrosis, and thymic involution [Conboy et al., 2005; Janzen et al., 2006; Brack et al., 2007; Capell et al., 2007; Olive et al., 2010] . Depletion of endogenous progenitor cell pools has been associated with congenital defects [Hardouin et al., 2011] , a reduced capacity to repair injuries, atrophy of functional tissue mass, and degenerative changes in different tissues [Ruzankina et al., 2007; Gopinath and Rando, 2008; Day et al., 2010] . There are even age-related changes in stem/progenitor cell niches that are proposed to direct young progenitor cells to adopt an aged phenotype [Janzen et al., 2006; Krishnamurthy et al., 2006; Brack et al., 2007; Carlson and Conboy, 2007] . Reductions or loss of progenitor cell pools in the artery wall may predispose to microvascular (vasa vasorum) rarefaction such as that seen in rapid aging syndromes [Olive et al., 2010] , medial dissection and aneurysm formation in the thoracic aorta [Wilens et al., 1965; Heistad et al., 1981; Guo et al., 2007; Zhang et al., 2011] , and adventitial fibrosis [Mahoney et al., 2011] . As we acquire more information about the natural fate of adventitial progenitor cells in injured and aging arteries, we will be better able to refine our hypotheses about the consequences of depleted progenitor pools for the structure and function of large elastic arteries. Similarly, as further progress is made in the identification of critical soluble signals and cell-cell interactions that comprise the adventitial niche environment, we will have additional tools, targets, and pathways for intervention in degenerative changes in artery walls that are commonly seen in aging blood vessels.
Concluding Remarks
The studies described above suggest new functions for the adventitial layer of blood vessels. They provide evidence that progenitor cells with the potential to produce cell types commonly found in blood vessel walls normally reside within the adventitia of large arteries and veins. At this point, many questions remain to be answered before the picture becomes clear. For example, we still know very little about how the adventitia forms in embryonic blood vessels. Despite the intense interest in molecular pathways controlling early vascular development, factors required for the latter stages including formation of the medial and adventitial layers remain largely unknown. Molecular markers that specifically label the adventitia are lacking. In their absence we can only reliably identify this tissue after the EEL is laid down. Does that mean adventitia formation begins only after the EEL is completed, or are developmental pathways at work in preadventitial mesenchyme that dictate when the last layer of media is formed and thus pattern the future adventitia? Does the onset of Shh signaling in mouse aortic adventitia around E15.5 to E16.5 [Passman et al., 2008] In addition to Shh, what other growth factors, morphogens, ECM proteins, and cell-cell signaling molecules are important constituents of the adventitial niche? Does signaling within the adventitial niche maintain vascular progenitor cell pool sizes and does depletion of this progenitor cell pool predispose the artery wall to degenerative changes commonly seen in aging and vascular disease? This exciting new view of the adventitia as a progenitor cell niche in the vessel wall must now be pursued by careful investigation across different species and experimental models to provide for a more complete understanding of the integrated roles of the adventitia in vascular development, physiology, and disease.
